Background/Aims: Des-gamma-carboxy prothrombin (DCP), an aberrant prothrombin produced by hepatocellular carcinoma (HCC) cells, is known as a marker for HCC. Recent studies indicated that high levels of DCP are associated with the malignant potential of HCC. In this study, we aimed to investigate the association of DCP with gefitinib treatment failure in HCC and whether DCP counteracts gefitinib-induced growth inhibition and apoptosis of HCC. Methods: The experiments were performed in HCC cell lines HepG2 and PLC/PRF/5. The effects of gefitinib on HCC in the presence or absence of DCP were evaluated by the 3-[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyl-tetrazolium bromide (MTT) assay. Apoptotic cells were identified by Annexin V-FITC/PI staining. Western blotting was performed to analyze the expressions of molecules related to the apoptotic caspase-dependent pathway and epidermal growth factor receptor (EGFR) pathway. Results: Gefitinib inhibited HCC cell proliferation and induced apoptosis in HCC cells. The effects of gefitinib on HCC cells were antagonized by DCP. In the presence of DCP, HCC cells were resistant to the gefitinib-induced inhibition of proliferation and stimulation of apoptosis. DCP prevented the activation of the apoptotic caspase-dependent pathway induced by gefitinib. These antagonistic effects of DCP also arose from its ability to up-regulate EGFR, c-Met and hepatocyte growth factor (HGF) in HCC cells. Conclusion: DCP antagonized gefitinib-induced HCC cell growth inhibition by counteracting apoptosis and up-regulating the EGFR pathway. High levels of DCP might thus lead to low response rates or possibly no response to gefitinib in patients with HCC.
Introduction
Hepatocellular carcinoma (HCC) is the most common primary liver malignancy worldwide and is the second most frequent cause of cancer death in men [1] . HCC can be treated by resection, liver transplantation and radiofrequency ablation for patients diagnosed at an early stage [2] . However, most patients with HCC are diagnosed at an advanced stage or progress after successful initial treatment [3] . Among those patients whose tumor characteristics are not appropriate for surgical therapy or those with tumor recurrence, systemic chemotherapy has still been considered as a strategy for improving survival. Systemic therapies examined in the past, mainly the cytotoxic agents, have provided limited benefits for patients with HCC [2] .
Gefitinib is a tyrosine kinase inhibitor that has been considered to have survival benefits for HCC patients [4] . Gefitinib mainly targets the epidermal growth factor receptor (EGFR) through the suppression of tyrosine kinase activity [5] . Gefitinib was also found to exert its activity through the inhibition of c-Met and hepatocyte growth factor (HGF), among its other cellular functions [6] . However, the response to gefitinib treatment is quite different for different patients with HCC. In fact, most, if not all, patients derived limited benefits and had low response rates to gefitinib [7] . Some patients, who initially respond to gefitinib, subsequently become refractory, and after a few months of therapy, develop tumor progression. These clinical symptoms indicated the development of gefitinib resistance [7] . Although several mechanisms have been suggested, such as cross-talk between the phosphatidylinositol 3-kinase (PI3K)/Akt and JAK-STAT (Janus family tyrosine kinases (Jak kinases) pathways and signal transducers and activators of transcription (STAT proteins) [7] , the exact mechanism leading to the production of gefitinib-resistant cells is still far from being defined. In this study, we demonstrated that des-γ-carboxyl prothrombin (DCP) produced in HCC, might be one of the reasons for the limited efficacy of gefitinib in HCC, leading to gefitinib treatment failure. DCP was found to antagonize the inhibitory effect of gefitinib on HCC. In the presence of DCP, HCC resisted gefitinib-induced apoptosis. These results suggested that DCP production might play a key role in the failure of gefitinib treatment in HCC.
Materials and Methods

DCP and gefitinib
Des-gamma-carboxy prothrombin (DCP) was a gift from Eisai Co., Ltd., Japan. DCP was purified from the conditioned media of DCP-producing cell lines by affinity chromatography with an anti-prothrombin antibody [8] . Gefitinib was kindly provided by AstraZeneca, London, UK. Gefitinib was dissolved in dimethylsulfoxide (DMSO, Sigma-Aldrich) at 20 mM as a stock solution before use.
Cell Lines and cell culture
Human HCC cell lines, PLC/PRF/5 and HepG2, were purchased from the American Type Culture Collection (Manassas, USA). HCC cells were maintained in RPMI-1640 supplemented with 10% (v/v) heatinactivated fetal bovine serum, 2 mM glutamine, and 10 mM Hepes buffer at 37°C in a humid atmosphere (5% CO 2 -95% air) and were harvested by brief incubation in 0.02% EDTA-PBS.
3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) assay
HCC cells were seeded in 96-well plates (3 × 10 3 per well) and exposed to various concentrations of gefitinib, DCP or gefitinib plus DCP for 72 h. Then, the medium was removed and the wells were washed with PBS. Cell viability was estimated by the 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) assay after adding 20 μl of MTT (5 mg/ml, Sigma-Aldrich) for 4 h. Light absorbance of the solution was measured at 570 nm on a microplate reader (Perkin-Elmer, USA). The growth of experimental and control cells was compared. Each treatment with gefitinib, DCP or gefitinib plus DCP was carried out in triplicate and the assays were repeated three times.
Annexin-V and PI staining assay HCC cells were seeded in 6-well plates (2 × 10 5 per well) and incubated with various concentrations of gefitinib in the presence or absence of DCP for 24 h. Cells were harvested and washed with cold PBS. Levels of phosphatidylserine on the cell surface were quantitatively estimated using Annexin V-fluorescein isothiocyanate (FITC) and a propidium iodide (PI) apoptosis detection kit according to manufacturer's instructions (Becton Dickinson, USA). The apoptotic cells were detected using a Becton Dickinson FACScan cytofluorometer. Both early apoptotic (Annexin V-positive, PI-negative) and late apoptotic (Annexin V-positive and PI-positive) cells were included in cell apoptosis determinations [9] . The assay was carried out three times.
Western blotting assay HCC cells were seeded in 6-well plates (2-5 × 10 5 per well) and incubated with gefitinib in the presence or absence of DCP for 24 h. Cells were lysed in buffer containing 50 mmol/L HEPES (pH 7.4), 150 mmol/L NaCl, 0.1% Triton X-100, 1.5 mmol/L MgCl 2 , 1 mmol/L EDTA, 2 mmol/L sodium orthovanadate, 4 mmol/L sodium pyrophosphate, 100 mmol/L NaF, and a 1:500 protease inhibitor mixture (Sigma-Aldrich). Equal amounts of proteins were separated by 10% SDS-PAGE and then electro-transferred onto nitrocellulose, blocked with 5% nonfat dry milk for 1 h at room temperature, and then incubated with primary antibodies overnight. Appropriate horseradish peroxidase-conjugated secondary antibodies were added to Trisbuffered saline (TBS) containing 5% nonfat milk. The bound antibodies were visualized using an enhanced chemiluminescence reagent (Millipore), and quantified by densitometry using a ChemiDoc XRS+ image analyzer (Bio-Rad, USA). The relative density of the protein was normalized to β-actin. The percentages of increase or decrease were estimated by comparison with the vehicle control (100%) [10] . The primary antibodies included cleaved caspase-9 (Asp330) antibody (9501), cleaved caspase-3 (Asp175) antibody (9664), cleaved poly ADP-ribose polymerase (PARP, Asp214) antibody (9541), Bcl-2 antibody (2872), Bax antibody (2772), phospho-EGF receptor (Tyr998) antibody (2641), phospho-Met (Tyr1234/1235) antibody (3129) (Cell Signaling, USA), hepatocyte growth factor (HGF) antibody (sc-13087) (Santa Cruz, USA) and anti-beta actin antibody (ab6276, Abcam, USA).
Statistical analysis
Data are presented as the means ± S.D and were analyzed by one-way ANOVA. Multiple betweengroup comparisons were performed using the S-N-K method. A P value < 0.05 was considered statistically significant. Statistical analysis was performed using SPSS/Win13.0 software (SPSS, Inc., Chicago, Illinois).
Results
DCP antagonized the effect of gefitinib on HCC growth
To determine the effect of gefitinib or DCP on HCC growth, PLC/PRF/5 or HepG2 cells were exposed to different concentrations of gefitinib or DCP for 72 h. The profiles of cell proliferation were estimated by the MTT assay. As shown in Fig. 1A , 10, 20 and 30 μM gefitinib inhibited the growth of PLC/PRF/5 by 25.6%, 46.8% and 69.6%, respectively (10 μM, P < 0.05; 20 and 30 μM, P < 0.01 vs. the vehicle control). The same concentrations of gefitinib that were used to treat PLC/PRF/5 cells inhibited cell growth of HepG2 cells by 37.4%, 50.6% and 71.6%, respectively (10 μM, P < 0.05; 20 and 30 μM, P < 0.01 vs. the vehicle control).
Then, we determined the activity of DCP in PLC/PRF/5 and HepG2 cells. DCP could weakly stimulate cell growth. As shown in Fig. 1B , treatment of PLC/PRF/5 cells with DCP 2, 10 and 50 mAu/mL for 72 h led to a dose-dependent increase in the relative cell number by 8.2%, 14.8% and 23.4%, respectively (2 and 10 mAu/mL, P > 0.05; 50 mAu/mL, P < 0.05 vs. the vehicle control); HepG2 cell number increased by 6.8%, 12.5% and 26.4%, respectively (2 and 10 mAu/mL, P > 0.05; 50 mAu/mL, P < 0.05 vs. the vehicle control).
In the presence of DCP, the activity of gefitinib in the suppression of HCC growth was significantly weaker than that of gefitinib alone. We used 50 mAu/mL of DCP together with different concentrations of gefitinib to treat HCC cells. As shown in Fig. 1C 
DCP prevented the gefitinib-induced apoptosis in HCC
Gefitinib was found to have the ability to induce apoptosis of HCC cells. PLC/PRF/5 and HepG2 cells were exposed to different concentrations of gefitinib for 24 h and then subjected to an Annexin-V and PI staining assay. Gefitinib significantly and dose-dependently induced the apoptosis of PLC/PRF/5 cells ( Fig. 2A) . In the presence of DCP, the effect of the gefitinibinduced apoptosis on HCC was antagonized. We selected a concentration of 30 μM gefitinib together with different concentrations of DCP to treat HCC cells. In the absence of DCP, 30 μM gefitinib increased the population of apoptotic PLC/PRF/5 cells by 22.2% (P < 0.01 vs. the vehicle control). However, in the presence of DCP, the percentage of gefitinib-induced apoptotic cells was significantly lower compared with cells treated with gefitinib alone. To further analyze the antagonistic effect of DCP on gefitinib, we used a constant concentration of gefitinib in combination with different concentrations of DCP to treat HCC. The ability of gefitinib to induce apoptosis was decreased as the concentrations of DCP were increased. As shown in Fig. 2A ', the percentages of apoptotic cells induced by 30 μM gefitinib were gradually decreased from 24.8% in the absence of DCP to 21.1%, 11.3% and 7.2%, respectively, when cells were co-treated with gefitinib and DCP 2, 10 and 50 mAu/mL (2 mAu/mL, P > 0.05; 10 and 50 mAu/mL, P < 0.01 vs. gefitinib alone). Statistical analysis revealed a significant difference between gefitinib alone and gefitinib plus DCP. These results suggested that DCP prevented the gefitinib-induced apoptosis of HCC cells.
Similar profiles of the gefitinib-induced apoptosis of HCC cells and the antagonistic effect of DCP on gefitinib were also observed in HepG2 cells. As shown in Fig. 2B , gefitinib alone effectively induced the apoptosis of HepG2 cells. At gefitinib concentrations ranging from 5 to 30 μM for 24 h exposure, the percentages of apoptotic cells were significantly increased by 16.1%, 17.0%, 17.9% and 20.9%, respectively (P < 0.01 vs. the vehicle control). In the presence of DCP 2, 10 and 50 mAu/mL, 30 μM gefitinib increased the population of apoptotic cells by only 14.1%, 7.4% and 3.4%, respectively (Fig. 2B ', 2 mAu/mL, P < 0.05; 10 and 50 mAu/mL, P < 0.01 vs. gefitinib alone).
DCP protected HCC cells from the gefitinib-induced apoptosis through preventing the activation of the caspase-dependent pathway
Western blotting analysis indicated that gefitinib could possibly induce the apoptosis of PLC/PRF/5 cells through activation of the caspase-dependent pathway. As shown in Fig.  3A , the levels of cleaved caspase-9 were strongly increased by 35.1%, 86.1% and 206.3%, respectively (10 μM, P < 0.05; 20 and 30 μM, P < 0.01 vs. the vehicle control) in cells treated with gefitinib at concentrations of 10, 20 and 30 μM for 24 h exposure; cleaved caspase-3 was increased by 21.3%, 76.8% and 196.7%, respectively (10 μM, P < 0.05, 20 and 30 μM, P < 0.01 vs. the vehicle control), and cleaved PARP by 35.1%, 63.2% and 185.7%, respectively (10 and 20 μM, P < 0.05, 30 μM, P < 0.01 vs. the vehicle control). In the presence of DCP 50 mAu/mL, there was no apparent increase of these apoptotic proteins induced by gefitinib compared with the vehicle control cells (Fig. 3A') . However, statistical analysis showed a significant difference between gefitinib alone and gefitinib plus DCP (Fig. 3A and A', P < 0.01). These results suggested that DCP might protect HCC cells from gefitinib-induced apoptosis by preventing the activation of the caspase-dependent pathway.
We examined the expression of Bax and Bcl-2 to further support these observations. Bax was activated and Bcl-2 was reduced in the gefitinib-treated cells (Fig. 3A and Table  1 , P < 0.05 vs. the vehicle control). Consequently, the ratios of Bax/Bcl-2 were increased significantly. As shown in Table 1 , the ratios of Bax/Bcl-2 in the gefitinib-treated PLC/PRF/5 cells were significantly increased from 1.22 in the vehicle control cells to 1.81, 2.43 and 3.29, respectively, by 10, 20 and 30 μM of gefitinib (10 μM, P < 0.05; 20 and 30 μM, P < 0.01 vs. the vehicle control). Whereas, the increases of Bax/Bcl-2 ratios were not significant in the cells exposed to gefitinib plus DCP (Fig. 3A' , Table 1 , P > 0.01 vs. the vehicle control). Significant differences existed between gefitinib alone and gefitinib plus DCP in their individual concentration (Table 1 , P < 0.05). Fig. 3B and Table 1 showed the similar alteration profiles of apoptotic proteins in HepG2 cells.
The expressions of Bax and Bcl-2 in PLC/PRF/5 and HepG2 cells were determined by Western blotting assay as described in the results. The ratios of Bax/Bcl-2 were calculated based on the percentage of increase of Bax or decrease of Bcl-2 compared with the vehicle control (100%). * P < 0.05 and ** P < 0.01 vs. the vehicle control in PLC/PRF/5 or HepG2 cells. There were significant differences between gefitinib and gefitinib + DCP (P < 0.05).
The effects of c-Met, HGF and EGFR by gefitinib were antagonized by DCP
Previous studies indicated that gefitinib suppressed HCC growth through the suppression of EGFR pathway, whereas DCP was found to stimulate EGFR, c-Met and HGF in HCC. Based on these observations, we examined the levels of EGFR, c-Met and HGF in HCC cells exposed to gefitinib in the presence or absence of DCP. We initially determined the ability of DCP to stimulate the expression of these proteins in PLC/PRF/5 cells. As shown in Fig. 4 , the levels of p-EGFR were strongly increased by 225.1%, 294.8% and 326.9% after treatment with DCP 2, 10 and 50 mAu/mL, respectively, for 24 h (P < 0.01 vs. the vehicle control); EGFR was increased by 75.7%, 126.8% and 204.6%, respectively (2 mAu/mL, P < 0.05; 10 and 50 mAu/mL, P < 0.01 vs. the vehicle control); p-c-Met by 29.5%, 60.8% and 74.7%, respectively (2 mAu/mL, P > 0.05; 10 and 50 mAu/mL, P < 0.05 vs. the vehicle control); HGF by 29.4%, 39.5% and 148.3%, respectively (2 and 10 mAu/mL, P > 0.05; 50 mAu/mL, P < 0.01 vs. the vehicle control).
We then determined the activity of gefitinib in the inhibition of these proteins in HCC cells. Gefitinib effectively inhibited the expression of EGFR, c-Met and HGF in PLC/PRF/5 cells. As shown in Fig. 5A , 10, 20 and 30 μM gefitinib significantly reduced the levels of p-EGFR by 54.3%, 78.4% and 91.3%, respectively (P < 0.01 vs. the vehicle control); EGFR was reduced by 45.5%, 59.9%, and 89.8%, respectively (10 μM, P < 0.05; 20 μM and 30 μM, P < 0.01 vs. the vehicle control); p-c-Met by 81.6%, 86.4% and 91.6%, respectively (P < 0.01 vs. the vehicle control); HGF by 48.6%, 55.8% and 64.9%, respectively (10 μM, P < 0.05; 20 μM and 30 μM, P < 0.01 vs. the vehicle control).
In the presence of DCP, the effects of gefitinib-induced suppression of these proteins were significantly lower than that of the cells without exposure to DCP. 29.3% and 26.1%, respectively (P > 0.05 vs. the vehicle control). Significant differences existed between gefitinib alone and gefitinib plus DCP (Fig. 5A and A', P < 0.05). These results suggested that DCP antagonizes the effects of gefitinib on HCC through the up-regulation of the EGFR pathway.
The effects of DCP on the gefitinib-induced suppression of EGFR pathway were mirrored in HepG2 cells (Fig. 5B and B' ).
Discussion
DCP is a prothrombin precursor produced in HCC [11, 12] . Since Liebman et al. described elevated plasma DCP in patients with HCC, DCP has been used as a marker for diagnosis of HCC [13] . Clinical reports indicated that the levels of plasma DCP were frequently elevated in 63% of patients with HCC [14] [15] [16] . High levels of DCP are considered to be associated with large tumor sizes and recurrences of HCC [17] . Tumor recurrences and metastases are more frequent in patients with positive DCP than in patients with negative DCP [18, 19] . Therefore, DCP has been used as a marker for diagnosis of HCC and also used for monitoring treatment responsiveness and tumor recurrence. The level of DCP in plasma is usually determined by the enzyme immunoassay. The cut-off serum DCP level is 40 mAU/ ml [20] . According to recent reports, this level of DCP could sensitize 81-98% of HCC < 3 cm in diameter [21] . Therefore, serum DCP 40 mAU/ml has been considered to be the high level [22] . However, the clinical significance of DCP production has remained poorly understood. Recently, its biological malignant potential in HCC has been reported by our group and many other investigators. In these reports, DCP was described as an autologous growth factor to stimulate HCC growth and a paracrine interaction factor between HCC and vascular endothelial cells to increase angiogenesis [23] [24] [25] [26] [27] .
It is well known that HCC is less sensitive to most chemotherapeutic agents than many other tumors [28] . Thus, it is essential to investigate the underlying mechanisms of HCC resistance to drug treatment and explore a potential strategy to enhance the efficacy of chemotherapeutic agents. Recently, the association of DCP production and drug treatment failure has received much attention. Gefitinib, a tyrosine kinase inhibitor, has been described to have survival benefits for patients with advanced HCC [29] . However, the efficacy of in patients with high serum DCP [32] [33] [34] . For example, in a study by Kuzuya and colleagues, it was suggested that high levels of serum DCP indicate treatment failure by tyrosine kinase inhibitor [33] . In the current study, we mimicked the microenvironment of HCC by using DCP 2-50 mAU/ml and then treated the cells with gefitinib. DCP was found to antagonize the effect of gefitinib on the inhibition of HCC growth. We therefore suggested that high levels of DCP might prevent the gefitinib-induced inhibition of HCC growth. DCP production could possibly be one of the reasons for treatment failure with gefitinib. In the experiments described herein, we established the association of DCP with the efficacy of gefitinib in HCC. Gefitinib effectively inhibited HCC growth. On the contrary, DCP stimulated HCC growth. In the presence of DCP, the gefitinib-induced growth inhibition of HCC was significantly lower than that of the cells exposed to gefitinib alone. These observations were further demonstrated at the molecular level by a Western blotting assay. The suppression of EGFR, c-Met and HGF by gefitinib were obviously attenuated when HCCs were concurrently exposed to DCP. We therefore suggested that the activity of DCP against the gefitinib-induced growth inhibition of HCC was mediated through its ability to up-regulate the EGFR pathway. Many reports indicated that the gefitinib-induced growth inhibition of cancers was mainly due to its effects on apoptotic induction [35, 36] . Hence, we investigated whether DCP could protect HCC cells from gefitinib-induced apoptosis. Our results demonstrated that gefitinib could induce the apoptosis of HCC cells through the activation of the apoptotic caspase-dependent pathway. In this pathway, the activation of caspase molecules and their substrates is the central apoptotic event [37] . The externalization of phosphatidylserine, a phospholipid normally restricted to the inner leaflet of plasma membrane, is one of the earliest apoptotic events [38] . We therefore evaluated the efficacy of gefitinib by determining the levels of phosphatidylserine. Further studies indicated that gefitinib effectively induced the activation of cleaved caspase-9, cleaved caspase-3 and cleavage of PARP, which were strictly controlled by the activation of the Bcl-2 family as indicated by the Bax/Bcl-2 ratio [37, 39, 40] . We thus determined the levels of these molecules to be related to the apoptotic caspase-dependent pathway. In the presence of DCP, the efficacy of the gefitinib-induced activation of these caspase molecules was significantly lower compared with gefitinib alone. DCP also possessed activity against the gefitinib-induced activation of Bax and suppression of Bcl-2. These results indicated that DCP antagonized gefitinib-induced apoptosis in HCC. DCP might prevent gefitinib-induced apoptosis in HCC through inhibiting the activation of the caspase-dependent pathway. We suggested that the product of DCP in HCC cells might be one of the reasons for lower efficacy and poorer response to gefitinib in HCC patients. High serum DCP might indicate treatment failure with gefitinib. Thus, DCP continues to be used as a diagnostic marker, and DCP is also a promising target for development of HCC chemotherapy. Development of DCP inhibitors and their use might improve the efficacy of gefitinib and many other tyrosine kinase inhibitors for the treatment of HCC [20, 41] .
Conclusions: This study provides evidence that DCP antagonizes gefitinib-induced growth inhibition of HCC. DCP might exert its antagonistic effects on gefitinib through anti-apoptotic mechanisms and the up-regulation of the EGFR pathway. Further work in additional cell lines to explore the in depth mechanism are currently underway.
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